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The thermal hydrocracking of fluorene was investigated in the temperature 
range of 400 to 480°C and hydrogen pressures of up to 375atm. As main 
reaction products were found 2-methylbiphenyl, biphenyl, toluene and benzene. 
They account for about 90% of the converted fluorene. Only very low con- 
centrations of diphenylmethane were detected at the highest temperature. This 
indicates that the opening of the phenyl-CHz bond in fluorene is much faster 
than the splitting of the phenyl-phenyl bond. The splitting of the phenyl-phenyl 
bond in biphenyl, however, proceeded with a rate equal to the splitting of the 
phenyl-CHz bond in fluorene and the phenyl-CH, bond in 2-methylbiphenyl. 
1. Introduction 
The pyrolysis of fluorene has been reported by several The main reactions 
result in three isomeric condensation products with molecular weights double to 
that of fluorene. As far as we were able to determine there is only one paper published 
about the thermal high pressure hydrocracking of f l ~ o r e n e . ~  These results showed 
that, at a temperature of 620 "C and a hydrogen pressure of 50 atm,b the hydro- 
cracking reactions result mainly in naphthalene and diphenyl with yields of 13 and 16 
weight per cent respectively. 
In the course of our investigations on the thermal high pressure hydrogenolysis of 
polycyclic aromatic compounds reactions with fluorene were carried out. This 
compound enables the simultaneous study of a number of reactions which are 
characteristic for the hydrocracking of polyaromatics in general, such as the dissocia- 
tion of the phenyl-CH, bond, the phenyl-phenyl bond and the hydrogenation of an 
aromatic ring with consecutive cracking. 
The reactions were performed in a comparatively low temperature range of 400 to 
480°C in order to reveal details of the reaction mechanism that would not be 
sufficiently delineated at higher temperatures. 
2. Experimental 
Fifty grams of fluorene (Fluka purum, pur. 98% by g.1.c.) was charged to a 0.91 1 
AISI 3 16 stainless steel rotating autoclave equipped with four baffles fixed to the 
(I Part I of this series: Oltay, E.; Penninger, F. L. M; Koopman, P. G. J. Chimica 1973,27,318. 
Throughout this paper 1 atrn = 101.325 kN/m2; 1 ft = 12 in. = 0.3048 m. 
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central thermocouple well inside the autoclave. The baffles covered the entire inside 
length of the autoclave; the spacing between baffle and autoclave wall was 2 mm. 
After removal of the air the hydrogen was introduced into the autoclave up to the 
desired pressure and the temperature was raised by means of an electrical oven. 
The reaction temperature was controlled within a temperature fluctuation of 
f 2 "C and measured with a calibrated chromel-alumel thermocouple. 
After cooling to ambient temperature the gaseous components were collected in a 
gasometer and analysed by g.1.c. (8 ft x in. column, Porapak Q 60-80 mesh, 
25 "C, He, hot wire detector); the solid reaction product was dissolved in acetone 
and also analysed by g.1.c. (6  f t  x 4 in. column, 10% UCC W 982 on Chromosorb 
WAW DMCS, temperature programme: 4 min a t  30 "C, temperature rise to 250 "C 
at 4 "C per min, He, F.I.D.). The components detected were identified by simultaneous 
injection of reference components and with a g.l.c./m.s. array. 
3. Results and Discussion 
From preliminary experiments it was found that intensive mixing of the reactants 
was necessary to achieve hydrocracking. In an autoclave with no mixing facilities the 
reaction product consisted almost completely of a solid coke. 
Reaction time ( h )  
Figure 1 .  Product distribution as a function of reaction time: temperature, 480 "C;  molar ratio 
H2/fluorene, 6.6; pressure, 50atm at 20 "C (= 140 atm at 480 "C).  Symbols: (+) benzene; (0) 2- 
methylbiphenyl; ( A )  biphenyl; (B) toluene; (a) hydrogenated fluorenes an3 cracked derivatives; 
(0, 0 )  condensation products. 
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On the contrary in a rotating autoclave equipped with baffles no coke formation 
was observed at any reaction condition and the reaction products were almost all 
components with a molecular weight lower than that of fluorene. 
Apparently the major part of fluorene remains in the liquid phase at the reaction 
conditions so that a sufficient hydrogen transfer into the liquid phase is a prerequisite 
for hydrocracking. All experiments reported in this paper therefore were carried out 
under intensive mixing conditions. 
The product distribution as a function of reaction time is illustrated in Figure 1. 
Initially 2-methylbiphenyl is formed with a high selectivity; diphenylmethane, 
hexahydrofluorene and components derived therefrom and condensation products 
were formed in considerably lower concentrations. This suggests that the phenyl-CH, 
bond dissociation in fluorene is strongly preferred as the first step. 
On the cantrary, the hydrocracking of 2-methylbiphenyl proceeds both via dis- 
sociation of the phenyl-CH, and the phenyl-phenyl bond at about equal rates as is 
concluded from the biphenyl and toluene formation. 
Finally both biphenyl and toluene are converted into benzene. The product distri- 
bution, as presented in Figure 1, indicates three main routes in the hydrocracking of 
fluorene which account for all of the hydrocracking products. 
I I Indons. 
Naphthalenes. 
Te tral in. 
E thylbenzene 
+ CH4 
Figure 2. Reaction sequence in the thermal hydrocracking of fluorene. 
These routes are illustrated in the reaction scheme shown in Figure 2. Route I 
was strongly dominant at all reaction conditions investigated. As can be seen from 
Table 1 the reaction time affects only the fluorene conversion. The yield of route I 
remains constant at 90 % for fluorene conversions up to 65 %; the yield of routes 11 
and 111 is also constant at about 8 and 0.5 mo1.- % respectively. 
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Hydrogen pressure has the same effect; the fluorene conversion rises almost 
proportionally to the pressure while the yield of the three reaction routes remains 
constant. Temperature has the most prominent effect. 
As illustrated in Figure 3 both fluorene conversion and yield are temperature 
dependent. In the temperature range 400 to 480 "C the yield of route I rises from 70 
TABLE I . Yields of the different reaction routes and fluorene conversions as a function of the reaction 
time and of the molar ratio H,/fluorene 
Temperature 480 "C 
Pressure 140 atm 
Molar ratio 6.6 
Temperature 450 "C 
Reaction time 2 h 
Molar ratio 6.6. 13.1. 19.2 
Reaction time (h) Pressure (atm) 
1 2 3 4 130 255 375 
Conversion of fluorene (mol.-%) 41.2 49.4 59.6 65.5 18.5 31.0 41.8 
Yield (mol.-"/,) of route 
I 88.6 90.2 89.9 88.9 87.6 88.2 88.4 
I1 8.8 7.7 7.2 7.7 12.4 11.3 11.1 
111 0.6 0.6 0.5 0.4 - 0.5 0.5 
Condensation products etc. 2.0 1.5 2.4 3.5 - - - 
Temperature ('C) 
Figure 3. Yields of the different reaction routes and fluorene conversion as a function of the 
temperature. Reaction time, 2 h ;  molar ratio H2/fluorene, 6.6; pressure, 50 atm at 20 "C (= 115, 
140 atm at 400, 480 "C). Route I1 is the sum of the yields of the components which are plotted 
individually in Figure 5 .  Symbols: (0) 2-methylbiphenyl; ( A )  route 11; (m) benzene; (0) biphenyl; 
(A) toluene; (v) diphenyl methane. 
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Figure 4. Arrhenius plot of the apparent first-order rate constant for the formation of 2-methylbiphenyl 
from fluorene. Molar ratio hydrogen/fluorene, 6.6. 
400 420 440 460 480 
Temperature ('C) 
Figure 5. Yields of route I1 components as a function of the temperature. For further reaction 
conditions see Figure 3. Symbols: (A)  B; (0 )  hexahydrofluorene; ( 0 )  1-methylindan+indan; 
(v) 1-methylnaphthalene+ naphthalene+ tetralin; (m) ethylbenzene; (+) A. 
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to 90% at the cost of route 11. This ring hydrogenation is not favoured thermo- 
dynamically by increasing temperature. The yield of route 111 (diphenyl-methane) 
remains at  an insignificant level even a t  480 "C. The yield of the different components 
formed by route I shows a remarkably high selectivity for the formation of 2-methyl- 
biphenyl up to 450 "C. The hydrocracking of this compound becomes noticeable 
above this temperature as can be seen from the sharply rising concentrations of 
biphenyl, toluene and benzene. Ultimately, at higher temperatures, benzene will be 
the dominating final product. 
I 
cracking 
I-Me-indan 
Indan 
/ 
cracking 
dehydrogenotian 
I -Me-naphthalene 
Naphthalene 
Tetralin 
Figure 6. Formation of cracking products from route 11. 
The high selectivity of route I is caused by an unexpectedly low dissociation rate of 
the phenyl-phenyl bond in fluorene. This is surprising because, as can be seen from 
Figures 1 and 3, the dissociation rate of the phenyl-phenyl bond in 2-methylbiphenyl 
is much higher and almost equal to the dissociation rate of the phenyl-CH, bond. 
Also in biphenyl the phenyl-phenyl bond was split at the same high rate, as separate 
experiments carried out with this compound at 480 "C, revealed. Furthermore it is 
known from literature4 that the hydrocracking of 9,lO-dihydrophenanthrene at 
490 "C gives 2-ethylbiphenyl and bibenzyl in about equal amounts so that this com- 
pound also shows no significant difference in reactivity between the phenyl-phenyl 
and the phenyl-CH, bond. 
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It is concluded from the above that the dissociation rate of the phenyl-phenyl 
bonds is similar for all the compounds studied, and also approximately equal to that 
of the phenyl-CH, bond, with the exception of fluorene. 
The phenyl-phenyl bond in fluorene exhibits a surprisingly low dissociation rate, 
for example, at 480 "C, the rate constant for reaction route I11 (Figure 2) is a factor 
230 lower than that for the 2-methylbiphenyl dissociation into toluene and benzene. 
The energy of activation of the main reaction step in the hydrocracking of fluorene, 
that is the formation of 2-methylbiphenyl, was found to be 54 kcal/mol (Figure 4). 
This is in surprisingly good agreement with the energies of activation reported in 
literatures of 53 to 54 kcal/mol for the hydrodealkylation of toluene. In fact both 
reactions are similar and it is very likely that both proceed via an identical mechanism. 
All individual hydrocracking products which are assigned to reaction route I1 are 
presented in Figure 5. 
At the lower temperatures route I1 mainly results in hexahydrofluorene and 
(probably) partially ring hydrogenated fluorene (components A and B in Figure 5); 
at the higher temperatures a variety of hydrocracking products are formed therefrom 
in which the indans and naphthalenes are dominating. For their formation the scheme 
in Figure 6 is proposed. Of the components shown the intermediate 4-methylhexa- 
hydroacenaphthene is hypothetical ; it was not detected in the reaction product. 
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